Abstract. Passive bistatic radar using uncooperative frequency agile phased array radar as transmitter brings many problems on the elevation angle estimation in the multipath environment, such as low signal-to-noise ratio(SNR), limited snapshots, poor resolution elevation angle estimation of closely spaced coherent signals. To solve that, a superresolution elevation angle estimation method is proposed in this paper. A sparse multipath signal model is reconstructed firstly and then the iterative adaptive approach is adopted to resolve the closely spaced coherent signals as well as obtain the elevation angle estimate. Simulation results confirm the effectiveness of the proposed method, and it still works well in the low SNR with limited snapshots.
Introduction
Passive bistatic radar(PBR) refers to the bistatic radar that exploits uncooperative illuminators of opportunity as the transmitter, which has attracted much attention in recent years. However, these researches mainly focus on civil illuminators, such as such FM radio [1] , TV broadcasting [2] , digital video broadcasting and digital audio broadcasting [3] . At present, it has been demonstrated that meterwave frequency agile phased array radars offer flexible beam scanning, improved detection probability, and higher sensitivity for stealth targets [4] . The use of frequency agile phased array radar as transmitter can extend the range of available illuminators of opportunity, while it also poses many challenges in PBR signal processing: 1) the frequency agility technology degrades the performance of long time integration algorithms, and hence the signal-to-noise ratio (SNR) is low, 2) the phased array technology make the space synchronization become difficult, thus the number of snapshots is limited. Especially, the direct signal of target and its multipath signal are coherent and always closely spaced in the mainlobe due to serious multipath propagation in the meterwave band. Thus, the elevation angle estimation of PBR in multipath environment can be summarized as resolution and estimation of the closely spaced coherent signals in the low SNR and limited snapshots.
It is well-known that multiple signal classification (MUSIC) algorithms based on the spatial smoothing techniques have proven to be effective means to combat coherent signals [5, 6] . The problem, however, is that some preprocessing techniques would reduce the array aperture and further increase the beamwidth, resulting in a poorer resolution. Besides, the performance of these method degrades significantly in the low SNR or/and the limited snapshots. Some complex methods regard the multipath signal as the coherent interference and try to suppress it, which yields a large amount of signal resource waste and increase the complexity of the system to some extent. Recently, the weighted least-squares-based iterative adaptive approach (IAA) has become an emerging technology. It can deal with coherent signals and also work well even with few numbers of snapshots [7, 8] . Therefore, motivated by the rising interest of the IAA algorithm, a superresolution elevation angle estimation method in multipath environment using passive bistatic radar is proposed in this paper. Firstly, the multipath reflection based on the geometry of PBR system is analyzed and thereby a sparse multipath signal model is reconstructed. Secondly, the IAA algorithm is adopted to resolve the closely spaced coherent signals, and finally the elevation angle estimate is obtained. Simulation results prove the better behavior of the proposed method in the low SNR with limited snapshots.
Signal Model
The constitution of the PBR system and multipath reflection are shown in Figure 1 . In the dashed line box, the PBR system is consist of a surveillance antenna, a reference antenna and a receiver. The reference antenna points to the exploited illuminator to receive the transmitting signal, and the surveillance antenna is directed to the target to receive target signal. Particularly in multipath environment, as shown in the solid line box, the received signal is a mixture of the direct signal of target and its multipath signal, and both of which always lie inside the mainlobe of the surveillance antenna. Meanwhile, a meterwave band frequency agile phased array radar is exploited as uncooperative illuminator for PBR. 
x t x t x t n t e s t n t aa (1) where R R R R is the geometric path length difference between the direct and the reflected paths, which is clearly analyzed in [9] .  is the wavelength.  is the reflection coefficient, which is expressed as
D is the divergence factor,  s is scattering factor. 0  is the Fresnel reflection coefficient, which can be derived as [10] 
in ( As we all known that the multipath effect in the meterwave band is very serious. The reflection coefficient changes with different range and height, and is almost equal to 1 in the low elevation angle area. In this situation, the direct signal and its multipath signal are coherent and spaced closely in the mainlobe or even half mainlobe, which bring many difficulties in resolving them and may yield a wrong elevation angle estimate.
Proposed Method
In this section, an IAA-based superresolution method is proposed for PBR to address the problems encountered in the elevation angle estimation in multipath environment. Firstly, the surveillance antenna of PBR system is directed to an observation area to receive the target signal. In order to clearly depict the multipath signal model, the observation area is divided into range-height unit, which is shown in Figure 2 . With the divided range-height unit, we can computed the theoretical elevation angle and reflection angle, and the multipath reflection coefficient based on (1)- (4) .
Then, the IAA algorithm is applied for PBR system to achieve superresolution elevation angle estimation. Without loss of generality, we assume K signals, from angles 
where superscript T represents matrix transpose. Afterwards, the covariance matrix of the received signal can be expressed as
where superscript H denotes matrix conjugate transpose. A and P represent the reconstructed steering matrix and signal power matrix, and which can be rewritten as 
(10) Here, the weight least square cost function can be expressed as
The IAA algorithm takes an iterative approach to minimize Eq.(11) and obtains the estimated values of ()
Hence, using the matrix inversion lemma to yield
It is worthy note that the matrix P and R are updated from the previous iteration instead of the received data, thus the IAA algorithm is not sensitive to the number of snapshots, and can work well even in presence of limited snapshots. The termination condition of the iteration is that the relative error In the simulations, the parameters are set in Table 1 . After that, we can compute the theoretical elevation angle, reflection angle, and the multipath reflection coefficient with respect to different range and height. The results are shown in Figure 2 and Figure 4 . The values of the elevation angle and the multipath reflection angle are almost equal with the same range and height, whereas the elevation angle is positive, the reflection angle is negative. The multipath reflection coefficient with respect to different range and height is dynamically changing and is almost equal to 1, which indicates the multipath effect in the observation area is very serious. 
Superresolution Performance in Mainlobe
The resolution performance of proposed method is investigated with the direct signal and multipath signal, which are coherent and lie inside the mainlobe and half mainlobe, respectively. The mainlobe of the surveillance antenna is pointed to  . In the experiment, the SNR is set as -5dB and 5dB, the number of snapshots is set as 10 and 100. Here, we consider two moving targets located at the range-height unit of , which indicate that they lie inside the mainlobe and half mainlobe, respectively. Fig.5 shows the resolution results of elevation angle in both situations. It is clearly that the proposed method can effectively resolve the direct signal and multipath signal and it can also achieve a good performance even in the scenarios of SNR=-5dB and Ns=10 .
(a) SNR=-5dB, Ns=10
(b) SNR=-5dB, Ns=100
(c) SNR=5dB, Ns=10 (d) SNR=5dB, Ns=100 
Estimation Performance of Elevation Angle
The elevation angle estimation performance of the proposed method is examined with respect to the SNR and the number of snapshots compared with spatial smoothing MUSIC (SSMUSIC) algorithm [5] , and the modified MUSIC (MMUSIC) [6] . The performance is tested by the root mean square error (RMSE), which is defined as
where L denotes the number of Monte Carlo runs,  d and  d are the theoretical elevation angle and the estimated elevation angle, respectively. Herein, we assume a moving target located at the range-height unit of   80km,6km , and hence the reflection coefficient is computed as 0.3864 0.8873i  , and the elevation angle is o 4.01 .The number of subarray in SSMUSIC algorithm is 3. In the first experiment, the number of snapshots is fixed as 20 and the SNR is set from -10dB to 10dB. In the second experiment, the SNR is fixed as 0dB and the number of snapshots varies from 0 to 100. 200 Mentor Carlo tests are performed, the RMSE curves of elevation angle estimation with respect to the SNR and the number of snapshots are plotted in Fig.6 and Fig.7 . The results show that the proposed method outperforms the compared methods in the elevation angle estimation, and can also work well in the low SNR with limited snapshots. In particular, the estimation performance is not sensitive to the changes in the number of snapshots, which can be a viable solution for practical engineering applications. The RMSE curves of the compared methods are similar, and the performance degradation of SSMUSIC is caused by aperture loss in the spatial smoothing procedure. 
Summary
This paper presents an IAA-based superresolution method for PBR to address the problems of elevation angle estimation in multipath environment, in which a meterwave frequency agile and phased array radar is exploited as uncooperative transmitter. The sparse multipath signal model is reconstructed and thus the IAA-based superresolution method is proposed to jointly resolve and estimate the direct signal and multipath signal, which are coherent and closely spaced in the mainlobe. Numerical simulation results provide the proof that the proposed method can achieve a better performance in elevation angle estimation over the existing high resolution algorithms, and can be a viable solution for PBR system engineering. Furthermore, the study of the real-time PBR signal processing algorithm is the future work.
